In Drosophila, ~150 neurons expressing molecular clock proteins regulate circadian behavior. Sixteen of these clock neurons secrete the neuropeptide Pdf and have been called "master pacemakers" because they are essential for circadian rhythms. A subset of Pdf + neurons (the morning oscillator) regulates morning activity and communicates with other non-Pdf + neurons, including a subset called the evening oscillator. It is assumed that the molecular clock in Pdf + neurons is required for these functions. To test this, we developed and validated Gal4-UAS based CRISPR tools for cell-specific disruption of key molecular clock components, period and timeless. While loss of the molecular clock in both the morning and evening oscillators eliminates circadian locomotor activity, the molecular clock in either oscillator alone is sufficient for circadian locomotor activity. This suggests that clock neurons do not act in a hierarchy but as a distributed network to regulate circadian activity.
Abstract:
In Drosophila, ~150 neurons expressing molecular clock proteins regulate circadian behavior. Sixteen of these clock neurons secrete the neuropeptide Pdf and have been called "master pacemakers" because they are essential for circadian rhythms. A subset of Pdf + neurons (the morning oscillator) regulates morning activity and communicates with other non-Pdf + neurons, including a subset called the evening oscillator. It is assumed that the molecular clock in Pdf + neurons is required for these functions. To test this, we developed and validated Gal4-UAS based CRISPR tools for cell-specific disruption of key molecular clock components, period and timeless. While loss of the molecular clock in both the morning and evening oscillators eliminates circadian locomotor activity, the molecular clock in either oscillator alone is sufficient for circadian locomotor activity. This suggests that clock neurons do not act in a hierarchy but as a distributed network to regulate circadian activity.
Introduction:
Circadian rhythms are 24-hour oscillations in physiological functions and behaviors, including locomotor activity, immune system function, metabolism, and sleep (1) (2) (3) (4) (5) (6) (7) . Disruption in circadian regulation is a common feature of aging and is associated with a variety of adverse health outcomes such as diabetes and cancer (8) (9) (10) (11) . Circadian rhythms are driven by "molecular clocks," or proteins that regulate rhythmic gene expression. Work in Drosophila has been crucial for understanding the molecular clock, a transcriptional negative feedback loop with four core proteins: Clock, Cycle, Period, and Timeless ( Fig. 1A) (12) (13) (14) (15) (16) (17) . In brief, Clock and Cycle activate transcription of period and timeless which, once translated, dimerize and translocate into the nucleus where they bind to Clock and Cycle, thereby inhibiting their own transcription; this molecular feedback loop repeats with a 24-hour periodicity (Fig. 1A) . Importantly, the core components of the molecular clock in Drosophila are conserved in humans (18) .
In Drosophila, ~150 neurons in the brain have molecular clocks and control circadian locomotor activity (Fig. 1E) (19) . These clock neurons cluster in eight subgroups defined by their anatomical locations: small and large ventral lateral neurons (s-LNvs and l-LNvs), the 5 th s-LNv, dorsal lateral neurons (LNds), lateral posterior neurons (LPNs), and three separate clusters of dorsal neurons (DN1s, DN2s, and DN3s) (Fig. 1E) . Cell ablation and cell-specific rescue experiments identified two sets of clock neurons that control circadian locomotor activity: Pdf + sLNvs comprise the "morning oscillator" and control the morning peak of activity, while the 5 th sLNv and LNds comprise the "evening oscillator" and control the evening peak of activity (20) (21) (22) . In the classic paradigm of circadian neuronal circuitry, the morning oscillator neurons are thought to be master regulatory neurons that synchronize molecular clocks in other neurons via rhythmic release of the neuropeptide Pigment-dispersing factor (Pdf) (19, (23) (24) (25) (26) . However, a subset of Pdf mutants (~25%) were reported to retain rhythmic activity with a shortened period (21) and more recent experiments involving cell-specific expression of period-lengthening and shortening genes have suggested that circadian neurons interact through a complex network, rather than a hierarchy, to regulate circadian behavior (22, 27) . The precise role of molecular clock components in these circadian-regulatory neurons remains unclear.
To assess the role of molecular clock components in specific clock neurons, researchers have typically used the Gal4-UAS system for cell-specific RNAi-knockdown of clock genes and cell-specific rescue in a null mutant (28, 29) . While instrumental in understanding neuronal control of circadian behaviors, these strategies have limitations. RNAi can be inefficient: Martinek and Young observed only ~50% reduction in per RNA levels with eye-specific RNAi knockdown of per (28) . Moreover, unlike per null mutants, which are 100% arrhythmic, flies with per RNAi knockdown in all Tim + cells were shown to be only 45% arrhythmic (30) or rhythmic with lengthened period (28) . Similarly, cell-specific rescue experiments sometimes do not reproduce wild-type rhythmic behavior, possibly due to constitutive expression of normally rhythmic genes. Pan-neuronal or ubiquitous rescue of per or tim in a null mutant background caused variable rhythmicity (~50-95%), depending on the UAS transgene insertion and Gal4 driver lines used; even overexpression of per and tim in a wild-type background sometimes resulted in a partial loss of rhythmicity (31) . Thus, while cell ablation experiments have shown the necessity of specific neurons for regulation of circadian locomotor activity, the function of the molecular clock within those neurons remains unclear.
Recent advances in CRISPR technology in Drosophila provided an opportunity to create new tools for circadian research (32, 33) . One key advance was the generation of loss of function (LOF) mutations in somatic cells via biallelic gene-targeting, using UAS-driven expression of the Cas9 enzyme under Gal4 control (34) . Briefly, an sgRNA (Cas9 scaffold plus guide RNA) directs Cas9 to the complementary target DNA sequence and catalyzes a doublestrand break (DSB) (Fig. 1B) . Repair of this DSB occurs either by precise homology-directed repair (HDR) or more error-prone non-homologous end joining (NHEJ) (Fig. 1B) . If the targeted sequence is repaired correctly, it will be targeted by the CRISPR machinery for DSB again. If it is repaired incorrectly, this could result in small insertions or deletions (Fig. 1B) , which can cause frame-shift mutations, early stop codons, and loss of function (34) . Additionally, placing tRNA sequences between multiple sgRNAs in a single transcript allows their release by endogenous tRNA excision machinery and improves the efficiency of gene disruption (35) . For example, when Port and Bullock used this strategy to express four unique sgRNAs together, ~100% of the eye area exhibited the LOF sepia phenotype, compared with only 11-58% from each individual sgRNA expressed alone. Thus, targeting multiple unique sgRNAs to the same gene increases the likelihood of achieving a LOF mutation in that gene (35) . Finally, expressing both the Cas9 enzyme and the sgRNA sequences from two separate UAS-transgenes reduced gene disruption in non-target tissues, likely due to the low probability of having sufficiently leaky expression of both UAS transgenes without a Gal4 present (35) .
Here we generated UAS transgenes expressing multiple sgRNAs that target either timeless, period, or a control gene (acp). We validated these constructs by showing that CRISPR-mediated gene disruption of tim or per recapitulates null mutant phenotypes when driven in all clock neurons (Tim + cells), but not in glia, and further confirmed gene disruption by qRT-PCR over the circadian cycle and brain immunostaining. We then disrupted the molecular clock in both the morning and evening oscillators (Mai179 + ), only in the morning oscillator (Pdf + ), or only in the evening oscillator (Mai179 + Pdf -). These experiments showed that, in Pdf + neurons (which include the morning oscillator), the molecular clock is not necessary, but is sufficient for circadian locomotor activity, challenging the assumption that these neurons require an internal molecular clock to synchronize the activity of other clock neurons. This further suggests that circadian neurons act in a distributed network that can compensate for loss of the molecular clock in specific subsets.
Results:
UAS-sgRNA constructs target circadian gene expression in a tissue-specific manner. We generated CRISPR tools for cell-specific gene disruption of period (per) and timeless (tim) (Fig. 1A) , based on previous work (34, 35) . UAS-driven constructs with multiple scaffold-guide RNAs (sgRNAs) were paired with a Gal4 expression driver and a UAS-Cas9 construct to induce cell-specific LOF mutations (Fig. 1B) . We refer to this combination of Gal4-driven UAS-sgRNA and UAS-Cas9 expression as "(target gene) CRISPR ". In addition to tim and per, we also targeted the control gene acp98AB (acp). Because acp is expressed exclusively in male accessory gland cells and the testes (36, 37) , CRISPR-mediated mutation of this gene in neurons serves as a control for any nonspecific effects due to double-strand DNA break events, such as cell death. To clone the UAS-sgRNA lines, we used the pCFD6 plasmid designed by Port & Bullock (Fig.  1C) (35) . The cassette contains four unique gRNA sequences (see Methods) that target the first four exons of the gene of interest to ensure efficient and specific gene disruption (Fig. 1D) .
To determine which circadian neurons require per and tim expression to influence behavioral rhythmicity, we used three previously characterized Gal4 drivers that express in clock neurons. Tim-Gal4 drives expression in all clock gene-expressing cells in the body, including all ~150 clock neurons (38) (Fig. 1E ). Mai179-Gal4 drives expression in a distinct subset of clock neurons that include both morning and evening oscillator neurons: s-LNvs, 5 th sLNv and 3 CRY + LNds with weak and variable expression in DN1s and l-LNvs (39) . Pdf-Gal4 drives expression in the s-and l-LNvs, which express the circadian neurotransmitter Pdf (40) and include the morning oscillator (20, 21, 41) .
CRISPR-mediated disruption of per or tim in all tim-expressing cells causes complete loss of behavioral and molecular rhythmicity.
To test our UAS-sgRNA constructs, we expressed each with UAS-Cas9 in all Tim + cells using the tim-Gal4 driver and measured circadian locomotor activity. Flies were entrained in light/dark (LD) conditions and then shifted to constant darkness (DD) to monitor endogenous circadian locomotor activity. We found that CRISPR-targeting per or tim in Tim + cells (tim-Gal4>per
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or tim-Gal4>tim CRISPR ) led to complete loss of rhythmic behavior in DD (0% rhythmicity) ( Fig. 2A-D) . Thus, CRISPR-mediated disruption of tim or per in Tim + cells, which includes all clock neurons, faithfully recapitulated tim and per null mutant phenotypes (15, 42) . Control flies (timGal4>acp CRISPR ) maintained circadian locomotor activity (94% rhythmic, 24.46 hr period; Fig. 2B , C), indicating that nonspecific effects from UAS-Cas9 expression or CRISPR-induced double stranded breaks in Tim + cells do not cause loss of rhythms. Together, our results suggest that CRISPR-targeting of tim and per results in complete functional ablation of the molecular clock, in contrast to the lengthened rhythms sometimes observed with RNAi, which are thought to reflect incomplete reduction of gene expression (28, 43) .
To confirm that rhythmic transcription of circadian clock genes is disrupted by CRISPRtargeting tim or per in Tim + cells, we analyzed mRNA from fly heads collected over the circadian cycle. In wild-type fly heads, clock gene mRNA levels oscillate with approximately 24-hour periodicity in constant darkness (15, 16, 44) . We found that control flies (tim-Gal4>acp CRISPR ) also displayed robust oscillation of timeless, period, and clock transcripts (Fig. 2E, grey) . In contrast, CRISPR-targeting of tim or per in Tim + cells resulted in arrhythmic transcription of all three molecular clock genes (Fig. 2E , green and blue), consistent with the behavioral arrhythmicity caused by these manipulations (Fig. 2B) . Furthermore, tim transcript levels in timGal4>tim CRISPR flies and per transcript levels in tim-Gal4>per CRISPR flies were reduced to levels similar to the lowest baseline levels for these transcripts in control flies. We note that tim transcripts, though arrhythmic, were elevated after disruption of per (tim-Gal4>per CRISPR flies) and vice versa for per transcripts after disruption of tim. These results are consistent with earlier findings indicating that loss of either Per or Tim, inhibitors of Clock/Cycle, yields constitutive activity of the Clock/Cycle transcription complex and elevated levels of per or tim transcripts (12, 45) .
To further confirm the efficiency of our gene disruption, we performed immunofluorescence analysis on the brains of CRISPR-targeted flies (tim-Gal4>gene CRISPR ) for Per and Tim at ZT0, along with per 01 null mutants (Fig. S1A ). At ZT0, Per and Tim proteins are highly expressed and localized to the nucleus in wild-type flies (17, 45, 46 (Fig. S1A) . CRISPR-targeting of per led to loss of Per signal and only cytoplasmic Tim signal; CRISPR-targeting of tim led to loss of both Tim and Per signal, presumably because Per is unstable without Tim (Fig. S1B) (46, 47) . Taken together, these results show that CRISPR-mediated, Gal4-driven disruption of per and tim in Tim + cells is highly efficient on both the mRNA and protein levels and is sufficient to block locomotor activity rhythms.
CRISPR-mediated disruption of per or tim in glia (Repo + cells) does not disrupt behavioral rhythmicity. As a second control for the effect of CRISPR-induced DNA damage and to confirm that this CRISPR gene targeting is Gal4-specific, we CRISPR-targeted tim and per in glia, using the panglial driver repo-Gal4 (48, 49) . Glia are not predicted to control circadian locomotor activity via circadian clock gene expression (30) . We found that nearly all flies, whether CRISPR-targeted for tim, per, or acp, were highly rhythmic (100% of repo-Gal4>tim CRISPR and 97% of repoGal4>per CRISPR and acp CRISPR ) (Fig. 2F-I ). These results demonstrate that there is no leaky or non-Gal4-mediated expression of both the UAS-Cas9 and UAS-sgRNA that affects rhythmicity. These results further confirm previously published results that, while circadian locomotor activity requires intact glial cells, it does not require glial expression of clock genes (30) .
Disruption of per or tim in both morning and evening oscillators (Mai179 + neurons) causes complete loss of circadian locomotor activity. To test the effect of disrupting per or tim in both the morning and evening oscillators, we expressed our UAS-sgRNA constructs in the s-LNvs (including the 5 th s-LNv) and 3 CRY + LNds, with weak or variable expression in l-LNvs, DN1s, and non-clock neurons, using the Mai179-Gal4 driver (Fig. 3A) (21, 22, 39, 50) . We found that 100% of flies CRISPR-targeted for per and tim in Mai179 + cells (Mai179-Gal4>per CRISPR and Mai179-Gal4>tim CRISPR ) were arrhythmic, while 91% of control flies (Mai179-Gal4>acp CRISPR ) remained rhythmic ( Fig. 3A-D) . Thus, the molecular clock is completely required in Mai179 + neurons for circadian locomotor activity. To confirm the loss of protein after gene disruption, we measured Per and Tim protein levels in Mai179 + neurons. We co-immunostained brains for Per and Tim and quantified nuclear fluorescence intensity at ZT0. We found that control flies showed robust nuclear staining of both Per and Tim at ZT0 (Fig. 3E -H in grey, S2), whereas per disruption in Mai179 + neurons caused near-complete loss of Per protein, as shown by the small number of Per + nuclei (Fig. 3E , orange dots) and the average nuclear fluorescence intensity in each brain (Fig. 3G , orange dots). Tim protein in per targeted flies remained mostly cytoplasmic ( Fig. S2) (17, 46) . These results suggest near-complete CRISPR-mediated per gene disruption in Mai179-Gal4>per CRISPR flies, consistent with the observed complete loss of behavioral rhythmicity (Fig. 3A-D) . For Mai179-specific tim-targeted flies (Mai179-Gal4>tim CRISPR ), only a small number of nuclei displayed Tim intensity levels close to the levels observed in control nuclei (Fig. 3F , compare blue to gray), while the average nuclear fluorescence of Tim is near zero (Fig. 3H ). Additionally, Per nuclear staining is nearly eliminated in tim-targeted flies (Fig. 3E,G) . Thus, our results support robust disruption of molecular clock function in these neurons, consistent with the observed complete loss of behavioral rhythmicity.
Disruption of per or tim in the morning oscillator (Pdf + s-LNv neurons) does not cause loss of circadian locomotor activity.
To investigate the role of the circadian clock in morning oscillator neurons alone, we next induced CRISPR-mediated gene disruption of tim and per in Pdf-expressing cells using PdfGal4. Pigment-dispersing factor (Pdf) is a neuropeptide expressed and secreted by the l-LNv and s-LNv neurons, which form the morning oscillator (20, 23, 24, 50) (Fig. 4A ). While Pdf + neurons are thought to be essential for circadian locomotor activity, we found that CRISPRtargeting of per and tim in Pdf + neurons did not cause complete loss of rhythmicity. 74% of Pdfspecific, per-targeted flies (Pdf-Gal4>per CRISPR ) and 83% of Pdf-specific tim-targeted flies (PdfGal4>tim CRISPR ) were rhythmic, as compared to 100% of controls (Pdf-Gal4>acp CRISPR ) (Fig. 4B ). Qualitatively, activity rhythms of individual flies often appeared more ambiguous, and therefore some were scored as "weakly rhythmic" (Figures 4B, S3 ). We confirmed these results by an automated scoring method, Lomb-Scargle periodogram analysis (see Methods) ( Fig. 4B, S3 ). Again, Pdf-specific targeting of per or tim resulted in mostly rhythmic flies (87% and 92%, respectively), similar to controls (95% rhythmic) ( Table S1 ). All flies were tracked for 9-10 days after shifting to constant darkness, because Pdf mutants and Pdf receptor (Pdfr) mutants lose their rhythms after 1-3 days in constant darkness (23) . We classified flies as rhythmic only if they maintained activity rhythms for the entire 9-10 days. Finally, though the morning oscillator is thought to delay the evening peak of activity and thus control period length (22) , the average period length of Pdf-specific per or tim-targeted flies (23.87 and 23.42 hours, respectively) was similar to controls (23.88 hours) (Fig. 4C ). These results suggest that the molecular clock is not required in the morning oscillator (Pdf + s-LNv neurons) for overall circadian locomotor activity nor to synchronize other clock neurons such as the evening oscillator.
Pdf + s-LNv neurons also regulate "morning anticipation," or increased activity just before the transition to lights on (20, 21) . The evening oscillator neurons regulate "evening anticipation," or increased activity just before the transition to lights off. To determine whether loss of the molecular clock in Pdf + neurons specifically affects morning anticipation, we analyzed both types of anticipation in Pdf-specific per and tim-targeted flies relative to controls. While evening anticipation was intact after CRISPR-targeting of tim or per in Pdf + neurons, morning anticipation was absent or diminished ( Fig. 4E) . To quantify this, we calculated morning and evening anticipation indices (MAIs and EAIs) for each genotype (see Methods). The MAI in DD day 2 was significantly reduced after targeting of per or tim in Pdf + neurons (Pdf-Gal4>per
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and Pdf-Gal4>tim CRISPR ) relative to controls (Pdf-Gal4>acp CRISPR ) (Fig. 4F ), whereas EAI was not reduced (Fig. 4G ). In LD, the MAI was reduced in Pdf-Gal4>per CRISPR flies, though not in PdfGal4>tim CRISPR flies, and the EAI was unaffected (Fig. S4A ,C-F). These phenotypes were similar on days 3-9 in DD (Fig. S4B ,G-H). These results suggest that, while the molecular clock in Pdf + neurons is not required for locomotor rhythmicity, it is required for morning anticipatory behavior.
CRISPR-mediated disruption of per or tim in Pdf + neurons causes near-complete loss of Per and Tim protein.
If the Pdf-Gal4 driver is not strong enough to fully disrupt per or tim in Pdf + neurons, this could result in an incomplete behavioral phenotype. To confirm that per and tim disruption in Pdf + cells is as efficient as observed with Tim-Gal4 and Mai179-Gal4, which caused arrhythmicity, we performed quantitative immunofluorescence analysis of Per and Tim protein levels (Fig. 5) .
Control flies (Pdf-Gal4>acp
CRISPR ) displayed the expected robust nuclear staining of Per and Tim in both the s-LNvs and l-LNvs (Fig. 5A, D-G, in grey) . In contrast, Pdf-specific per-targeted flies (Pdf-Gal4>per CRISPR ) exhibited a near-complete absence of nuclear Per immunofluorescence signal in both s-LNvs and l-LNvs (Fig. 4A,D,F) . Similar to what we observed in the Mai179-specific per disruption, any remaining Tim signal was localized to the cytoplasm (Fig 5A) . In Pdfspecific tim-targeted flies (Pdf-Gal4>tim CRISPR ), we observed a similar near-complete reduction in Tim protein levels in LNvs, with relatively few Tim + nuclei remaining, and an average fluorescence intensity per brain near zero (Fig. 5A,E,G) . CRISPR-targeting of tim also resulted in near-complete loss of Per protein, indistinguishable from loss of Per in per-targeted flies (Fig.  5F) (46, 47) . These results suggest that the persistence of circadian locomotor activity seen in Pdf-specific per and tim-targeted flies is not due to incomplete disruption of the targeted gene. Taken together, our behavioral and quantitative immunofluorescence analysis suggest that the molecular clock in Pdf + clock neurons is not required for circadian locomotor activity. We also used a UAS-myr-GFP to label the membranes of Pdf + neurons and counted the number of GFP + cells in each brain to confirm that the CRISPR-induced DNA damage in our system does not cause cell death. There are 8 Pdf + LNvs in each hemisphere, totaling 16 neurons in each fly brain (51) . We found no significant difference in the number of GFP + LNvs in each brain between experimental flies and controls (Fig. 5C ). This result indicates that CRISPRmediated gene disruption in Pdf + neurons does not cause significant cell death. LNds, and a small subset of DN1s (Fig. 6A) . We found that overall locomotor rhythmicity is maintained; 86% of per-targeted flies (Mai179-Gal4/Pdf-Gal80>per CRISPR ) and 85% of timtargeted flies (Mai179-Gal4/Pdf-Gal80>tim CRISPR ) were rhythmic, similar to 91% of control flies ( Fig. 6B-D) . This result is consistent with previous studies in which rhythmicity is restored by expression of UAS-per in Pdf + neurons of per null mutant flies (21) . Thus, while per and tim expression are not necessary in Pdf + neurons for rhythmicity (Fig. 4) , their expression in Pdf + neurons is sufficient for circadian locomotor activity. Taken together, our results suggest that the molecular clock is sufficient in either the morning oscillator or evening oscillator for circadian locomotor activity and that the molecular clock must be disrupted in both oscillators to disrupt circadian locomotor activity. Because Mai179 + Pdf -neurons comprise the minimal evening oscillator, we also measured "evening anticipation," or increased activity just before the transition to lights off. Similar to our observation that per or tim disruption in the Pdf + morning oscillator led to a loss of morning anticipation, per or tim disruption in the Mai + Pdf -evening oscillator neurons led to a loss of evening anticipation activity (Fig. 6E,G) . The EAI was significantly reduced in evening oscillator-specific per-targeted flies and the EAI of tim-targeted flies was trending, but not significantly reduced (p<0.10), relative to controls. The morning anticipation indices (MAI) remained intact and were not significantly different from controls (Fig. 6F) , further demonstrating that per or tim expression in Pdf + s-LNv morning oscillator neurons is both sufficient and necessary for morning anticipatory activity.
Restriction of CRISPR-mediated disruption of

Discussion:
Our understanding of how circadian neurons communicate with each other to control locomotor rhythmicity is still evolving. Over a decade ago, some of the first evidence was presented to support a "dual oscillator" model in which Pdf + s-LNvs are classified as "morning cells" that control morning anticipation and drive the maintenance of overall rhythmicity. This model also suggests that Pdf + s-LNvs dominate over other circadian neurons, such as "evening cells" (19) (20) (21) 41) . More recent evidence has questioned this hierarchical model and instead suggests a complex network in which the control of circadian behavior is distributed among many subgroups of neurons (22, 27, (52) (53) (54) . Most of these recent studies utilized proteins known to alter period length when expressed ubiquitously (mutant kinases, mutated kinase targets, or dominant negative constructs). When these proteins were overexpressed in specific clock neurons such as Pdf + neurons or evening oscillators, they exerted varying levels of control over the molecular clocks in other neurons and overall circadian locomotor activity. While these studies were elegantly done using available tools, overexpression studies carry the potential problem of gain of function. Moreover, proteins that regulate the core molecular clock have significantly different roles in different clock neurons (55, 56) . The best genetic tools are those that cause loss of function. Here we developed and validated tools for CRISPR-mediated disruption of the molecular clock in targeted subsets of circadian neurons.
Our results demonstrate the efficacy and utility of genetic constructs that mediate tissuespecific CRISPR-targeting of two key circadian clock genes: timeless and period. We showed that these constructs recapitulate known mutant phenotypes, such as complete loss of locomotor activity rhythms when driven in all tim-expressing cells (Fig. 2) . We validated the extent of gene disruption at both the mRNA and protein levels (Fig. 2, 3 , and 5) and showed that gene targeting effects are cell-type specific, as there is no effect on locomotor rhythmicity when tim or per are disrupted in glia. We then used these lines to dissect the molecular clock requirements in different subsets of circadian regulatory neurons. Our results show that per and tim expression is sufficient but not necessary for circadian locomotor activity in either Pdf + cells (which include the morning oscillator) or the evening oscillator neurons (Mai + Pdf -), though loss of per or tim expression in both Pdf + neurons and the evening oscillator leads to arrhythmicity. While this manuscript was in preparation, we became aware of a similar study examining the requirement of the molecular clock in different subsets of clock neurons. Schlichting et al. also used a tissue-specific CRISPR-mediated mutagenesis strategy to target period with three gRNAs and obtained similar results. Consistent with our results, they found that disruption of per expression in Pdf + cells did not cause loss of circadian locomotor activity. Moreover, loss of Clock protein cycling in Pdf + neurons due to Pdf-specific neuronal silencing also did not cause loss of circadian locomotor activity. Taken together, our results and those from the Rosbash lab demonstrate that the molecular clock is not required in Pdf + neurons for circadian locomotor activity and suggests that rhythmicity is a network property.
Our evidence supports a model of independent morning and evening oscillators that control their respective anticipatory behaviors, but can compensate for each other to maintain overall locomotor rhythmicity. CRISPR targeting per or tim in Pdf + neurons, which contain the morning oscillator, led to a loss of morning anticipatory behavior (Fig. 4) . This is consistent with previous reports demonstrating that ablation of Pdf-expressing cells or loss of function of Pdf itself or its receptor Pdfr caused loss of morning anticipation (23) . This suggests that this specific aspect of circadian behavior, morning anticipatory activity, requires the molecular clock in Pdf + neurons. However, while Pdf mutants and Pdf + cell ablation led to a loss of overall rhythmicity (23, 25, 29, 40) , disruption of the molecular clock (tim or per) in Pdf + neurons did not. These results suggest that locomotor rhythmicity, while dependent on Pdf expression and Pdf + neurons, is not dependent on the function of the molecular clock within Pdf + neurons. Similarly, disruption of per or tim in just the evening oscillator neurons (Mai179-Gal4/Pdf-Gal80), led to a loss of evening anticipatory behavior, but not locomotor rhythmicity (Fig. 6 ). This also demonstrated that while an intact molecular clock in morning oscillator neurons was not necessary for overall rhythmicity, it was sufficient to restore the rhythmicity lost with Mai179-Gal4-driven disruption of per or tim. These results are consistent with recent work suggesting that interactions between clock neurons create multiple independent oscillators that regulate locomotor activity rhythms (27) .
Our results further suggest that the molecular clock needs to be disrupted in both the morning and evening oscillator neurons to disrupt locomotor rhythmicity. When we drove per CRISPR or tim CRISPR with Mai179-Gal4, which expresses in a subset of clock neurons that include both morning oscillator neurons (s-LNvs) and evening oscillator neurons (primarily 3 CRY + LNds, and the 5 th s-LNv), we saw a complete loss of overall rhythmicity. Previous research has shown that rescuing the circadian clock with UAS-per expression in a per null background in Mai179-Gal4 cells was not sufficient to fully restore rhythmicity (21, 50, 57) , but it is possible that UAS-driven expression of per did not fully recapitulate endogenous, cyclical expression levels. In contrast, our results demonstrate that the molecular clock in one or more of the Mai179-Gal4 expressing neurons is necessary for behavioral rhythms. Perhaps the morning and evening oscillators function with some redundancy, coordinating rhythmicity in a distributed, complex network, that only requires a cell-intrinsic molecular clock in one subset of neurons to generate behavioral rhythms. In other words, an intact molecular clock in one subset of clock neurons is able to compensate for loss in another subset, suggesting that clock neurons do not rely entirely on a cell-intrinsic molecular clock to generate behavioral rhythms.
Our results highlight how cell-specific CRISPR-mediated gene disruption can be used to better understand the role the molecular clock plays in specific subsets of circadian neurons to control behavioral rhythmicity. Our work also demonstrates the immense potential of the approach engineered by Port & Bullock to produce cell-specific, CRISPR-mediated gene disruption in somatic cells. These tools provide a new standard for the field and can now be used to investigate the tissue-specific function of circadian genes in both neuronal subsets and "peripheral clocks" outside the brain that control other circadian-regulated physiologies. Stocks obtained from the Bloomington Drosophila Stock Center (NIH P40OD018537) were used in this study.
Materials & Methods:
Drosophila strains and maintenance UAS-sgRNA lines (w;UAS-sgRNA-tim 3x ; w;UAS-sgRNA-per 4x ; and w;UAS-sgRNA-acp98AB 4x ;) were cloned as described below. The w;;UAS-Cas9.2 line was obtained from Bloomington Drosophila Stock Center (#58986). Two different UAS-myr-GFP lines were used (2 nd chromosome: Bloomington #32198 and 3 rd chromosome: Bloomington #32197). per 01 nulls were a gift from Jaga Giebultowicz.
Gal4 drivers: w;tim-Gal4; (Bloomington #7126), w;;repo-Gal4 (Bloomington #7415), w;Mai179-Gal4; (Helfrich-Förster Lab), w;Pdf-Gal4; (Bloomington #6900). All driver lines were outcrossed at least six generations to w -CS (white-eyed Canton-S strain). All flies were grown and maintained on standard yeast-cornmeal-agar media (Archon Scientific, Glucose recipe: 7.6% w/v glucose, 3.8% w/v yeast, 5.3% w/v cornmeal, w/v 0.6% agar, 0.5% v/v propionic acid, 0.1% w/v methyl paraben, 0.3% v/v ethanol) in a humidity controlled (55-65%) 12:12 Light:Dark incubator at 25ºC. Males were collected at 1-3 days old and allowed to mate for 1-2 days before being separated from females. Male flies were 7-11 days old at the start of all behavioral and immunohistochemistry experiments.
Cloning
Multiple gRNAs targeting per, tim, or acp98AB were constructed as previously described (35) . gRNA sequences were selected for predicted target specificity and efficiency according to http://chopchop.cbu.uib.no/ (58). pCFD6 (Addgene #73915) was digested with BbsI-HF (NEB #R3539S) and gel purified. For each construct, inserts were generated in three separate PCR reactions using pCFD6 as the template and the primers listed in Table S2 . The resulting three inserts and the pCFD6 backbone were then assembled by NEBuilder HiFi DNA Assembly (NEB #E2621L) for each construct. Each construct was integrated at the Su(Hw)attP5 site (59) (Bestgene, Inc.) and Sanger sequenced (Genewiz). Sequenced flies revealed a polymorphism in one of the four sgRNA scaffolds in the UAS-t:sgRNA-tim flies and thus the line is denoted as UAS-t:sgRNA-tim 3x . 
transgene gRNAs expressed (orientation of target sequence) UAS-t:sgRNA-per
Circadian locomotor activity
Male flies entrained on a 12:12 LD cycle during development and post-eclosion were placed in individual 5mm tubes in TriKinetics, Inc. Drosophila Activity Monitors (DAMs) to record their locomotor activity for two days in 12:12 LD, then for 7-11 days in constant darkness (DD). Activity data from the DD period was grouped into 15 min bins and Clocklab software (Actimetrics) was used to generate actograms and period measurements. Actograms were blindly scored as rhythmic, weakly rhythmic, or arrhythmic; percentages of each category are reported, except when "weakly rhythmic" was less than 5% of the population, then it was included with "rhythmic." To calculate Anticipatory Indices (MAI or EAI), activity for individual flies was binned into 1-hour windows for each individual fly. An anticipatory index was calculated by dividing the average activity per hour over 3 hours immediately preceding "lights on" (MAI) or "lights off" (EAI) by the average activity per hour over the 6 hours preceding "lights on" (MAI) or "lights off" (EAI), in LD day 2, DD day2, and DD days 3-9. All circadian data is represented as a sum of at least three biological replicates of at least 8-10 flies each per genotype.
Automated Circadian Analysis
Using the Clocklab Actimetrics Software, Lomb-Scargle periodograms with a statistical cutoff of p<0.001 were generated. The difference between the amplitude of the peak and the value of the best fit line was calculated and flies were classified as rhythmic if the difference was >150. The % rhythmicity results are reported in Table S1 .
Immunohistochemistry and Confocal Microscopy
After 6-9 days of entrainment, flies were decapitated at ZT0 and heads were fixed in 4% paraformaldehyde (Electron Microscopy Sciences #RT15710) in PBS + 0.1% Triton X-100 (PTX) for 40 minutes at room temperature. Heads were washed in PTX and subsequently incubated on ice. Brains were dissected in PTX and blocked with 4% normal donkey serum (NDS, Jackson ImmunoResearch #017-000-121) in PTX for 90 minutes at room temperature. After blocking, brains were incubated overnight at 4ºC in primary antibody: chicken α-GFP (1:1000, Abcam #ab13970), rabbit α-Per (1:1000, gift of Michael Rosbash (60)), and rat α-Tim (1:1000, gift of Amita Sehgal and Michael Young (13) Images were acquired on a Zeiss LSM 800 Axio Observer 7 inverted confocal microscope (ZEISS) using 488-, 561-, and 647-nm lasers and a Plan-Apochromat 63x/1.40 oil immersion lens (Fig. 3, 5, S2 ) or 20x/0.8 dry lens (Fig. S1 ). Z-stacks were taken using Zeiss LSM confocal software Zen 2.3 (1.5 µm slice thickness). Image analysis was performed in FIJI (61); mean fluorescence intensity of GFP positive nuclei was measured, normalized by subtracting a measurement of mean background intensity, and analyzed using GraphPad Prism software. For Pdf-Gal4 experiments, the number of GFP + neurons in each brain was counted and analyzed to assess potential CRISPR-driven cytotoxicity.
Quantitative real-time PCR (QRT-PCR)
14-day old male flies previously entrained to 12:12 LD were placed in constant darkness (DD) for 24 hours, after which 7 circadian timepoints were taken at CT-1, 5, 9, 13, 17, 21 and 25, and snap frozen in liquid nitrogen and stored at -80ºC. RNA was extracted from 60 heads for each of 4 biological replicates per genotype/timepoint with TRIzol (Invitrogen) following the manufacturer's protocol. Samples were treated with DNaseI (Invitrogen) then heat inactivated. cDNA was synthesized by Revertaid First Strand cDNA Synthesis Kit (Thermo Scientific). PowerUp SYBR Mastermix (Applied Biosystems) was used to perform QRT-PCR using a CFXConnect thermal cycler (BioRad). Primer efficiency and relative quantification of transcripts was determined using a standard curve of serial diluted cDNA. Transcripts were normalized using Actin5C as a reference gene. 
Mai179-Gal4; Pdf-Gal80>
Supplementary Figure 5 . Cell-specific disruption of per in Mai179 + Pdf -neurons causes loss of the evening anticipatory peak under constant conditions. (A) Average hourly activity counts during the second day of complete darkness (DD Day 2; gray bars = CT 0-11, black bars = CT 12-23). Mean number of beam breaks per hour is shown ± SEM. (acp n = 58, per n = 63, tim n = 55) (B) Morning Anticipation Index (MAI) was calculated by dividing the average hourly activity for CT 21-23 by the average hourly activity for CT 18-23. (C) Evening Anticipation Index (EAI) calculated by dividing the average hourly activity for CT 9-11 by the average hourly activity for CT 6-11. For scatter plots, each point represents an individual fly and mean ± SEM is shown. Significance determined by one-way ANOVA followed by Tukey's multiple comparisons test (for normally distributed samples; E and H) or Kruskal-Wallis nonparametric ANOVA (to account for non-normality of samples; F and G) followed by Dunn's multiple comparisons test; reported p-values are multiplicity adjusted to account for multiple comparisons. *** = p < 0.001, n.s. = not significant p > 0.05. 
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